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(Received 16 November 2010; accepted 11 June 2011; published online 28 July 2011) In this study, (011)-highly oriented Sr, Nb co-doped BiFeO 3 (BFO) thin films were successfully grown on SrRuO 3 /Si substrates by rf-magnetron sputtering. The presence of parasite magnetic phases was ruled out based on the high resolution x-ray diffraction data. BFO films exhibited a columnar-like grain growth with rms surface roughness values of %5.3 nm and average grain sizes of %65-70 nm for samples with different thicknesses. Remanent polarization values (2P r ) of 54 lC cm À2 at room temperature were found for the BFO films with a ferroelectric behavior characteristic of an asymmetric device structure. Analysis of the leakage mechanisms for this structure in negative bias suggests Schottky injection and a dominant Poole-Frenkel trap-limited conduction at room temperature. Oxygen vacancies and Fe 3þ /Fe 2þ trap centers are consistent with the surface chemical bonding states analysis from x-ray photoelectron spectroscopy data. The (011)-BFO/ SrRuO 3 /Si film structure exhibits a strong magnetic interaction at the interface between the multiferroic film and the substrate layer where an enhanced ferromagnetic response at 5 K was observed. Zero-field cooled (ZFC) and field cooled (FC) magnetization curves of this film system revealed a possible spin glass behavior at spin freezing temperatures below 30 K depending on the BFO film thickness. Multiferroics comprise an exciting class of multifunctional materials because they simultaneously show some form of magnetic, elastic, and/or ferroelectric order. 1 The coexistence of these ferroic orderings contributes an additional degree of freedom which is very useful for memory and logic device applications. 2 Indeed, the magnetoelectric coupling in multiferroics allows an electric-field control of the magnetization, and vice versa. 3, 4 BiFeO 3 (BFO), which belongs to the rhombohedral space group (R3c), 5 is perhaps, the most important multiferroic material because it exhibits both G-type antiferromagnetism (T N % 640 K) with a spatially modulated spin structure, and ferroelectric (T C % 1100 K) ordering at room temperature. 6 However, BFO has poor stability 7 and it is still a considerable challenge to obtain it as single-phase in both ceramic and in thin film form. 8, 9 From an academic point of view, this situation is part of some interesting discrepancies grouped, essentially, according to two aspects, one related to the uncertainty that the high polarization response is only due to intrinsic phenomena, 10 and the other, to the statement that the reported magnetization values are due to the presence of traces of parasite magnetic phases and not to the suppression of the incommensurate spin structure. 9, 11, 12 After testing many different approaches, one that is widely accepted for minimizing the presence of impurities produced during the BFO synthesis is through the use of suitable doping strategies. As a matter of fact, we have observed that the partial substitution of bismuth by strontium has great beneficial effects on the stability and purity of BFO ceramics. 13 In the case of thin films, a recent study showed that the effect of Sr 2þ ions doping on the magnetic and ferroelectric properties of BFO seems to be strongly related to the c-Fe 2 O 3 impurity phase and oxygen vacancies.
14 Following this line of thought, we proposed a Sr,Nb co-doping process for the synthesis of BFO due to the fact that some experimental reports suggest that niobium doping may improve both resistivity and fatigue in BFO films. [15] [16] [17] In the Kroger-Vink notation, this is written as follows: such a substitution combines the Schottky and Frenkel defect formation mechanisms to control the mobility of oxygen vacancies through the structure. The composition with an x value of 0.05 was selected to fabricate the sputtering ceramic target, which was later used to obtain the thin films, because it is the minimum value in the formula according to previous experiments where the synthesis of BFO was successful. This criterion helps us to avoid the weakening of the ferroelectric response due to the exaggerated dilution of the Bi ions, since the lone pair of bismuth seems to be greatly responsible for the ferroelectric nature of BFO.
Focusing our attention on thin film deposition now, it is evident from many reports in the literature that several deposition routes have been attempted to obtain BFO films. In particular, for the case of the rf-magnetron sputtering technique, reports are scarce, and in those reports, it is found that only polycrystalline BFO films have been obtained when they are deposited on silicon substrates (including platinized Si wafers with or without a buffer layer). [18] [19] [20] Thus, the only way to obtain highly textured or epitaxial films has been by using expensive substrates such as SrTiO 3 and LaAlO 3 . [21] [22] [23] Moreover, in most cases, parasite phases were present.
In this work, single-phase and highly textured (011)-Sr, Nb co-doped BFO films were obtained by the rf-magnetron sputtering technique on a SrRuO 3 layer deposited on silicon substrates in our labs. The SrRuO 3 oxide simultaneously acts as the bottom electrode and a template layer. This proposal may have enormous benefits if we pretend to extend this knowledge to current technological demands, for instance, CMOS design for integrated circuits. Additionally, this alternative method may help avoid the formation of parasitic impurities and assure the growth of high quality BFO films once the deposition conditions are optimized. Besides the microstructural characterization of the films, the ferroelectric behavior and leakage current limiting mechanisms of doped films are discussed from data taken at room temperature. The magnetic response of the BFO/SrRuO 3 /Si system, including zero-field cooled (ZFC) and field cooled (FC) magnetization, is also evaluated.
II. EXPERIMENTAL
In the experiments, the rf-magnetron sputtering technique was used for thin film deposition. First, a SrRuO 3 layer of $450 nm was deposited on a Si(001) commercial substrate from a SrRuO 3 polycrystalline ceramic target. Next, multiferroic thin films were grown on the (011)-oriented The phases present in the BFO thin films and their textures were analyzed by x-ray diffraction (XRD) using a Panalytical X-Pert PRO diffractometer with Cu Ka radiation. The film surfaces were studied with a Digital Instruments Nanoscope III atomic force microscope (AFM) operated in contact mode. Surface chemical analysis and bonding states were investigated by x-ray photoelectron spectroscopy (XPS) with an Al Ka (1,486.6 eV) x-ray source from Cameca. The photoelectric peak of C 1s located at 284.6 eV was used as a standard for XPS binding energies. The XPSPEAK Version 4.1 software was used to fit the narrow-scan spectra of Bi 4f, Fe 2p, and O 1s after Shirley-type background subtraction. To study the ferroelectric properties, 100 nm thick gold top electrodes with an area of 100 Â 100 lm 2 were evaporated onto the sample films through a metal shadow mask. Polarization-electric field (P-E) hysteresis loops were measured with a Precision LC analyzer from Radiant Technologies Inc. The P-E measurements were conducted with a standard triangular bipolar signal at 1 KHz and at room temperature. The leakage currents were measured using an electrometer (Keithley 6430) at room temperature. The magnetization loops (M-H) were measured at 5 K with the magnetic field oriented in-plane using a Quantum Design PPMS system. Zero-field cooled (ZFC) and field cooled (FC) magnetization measurements, were carried out by cooling the sample to the desired temperature in the absence or presence of applied magnetic field (in-plane) on a Quantum Design SQUID MPMS-XL susceptometer.
III. RESULTS AND DISCUSSION
Figure 1(a) shows a representative XRD pattern of a Sr,Nb co-doped BiFeO 3 (BFO) film deposited on a SrRuO 3 / Si substrate. The peaks were indexed from a pseudocubic structure and they all correspond to a perovskite-type oxide. Note that the intensity counts of the deposited BFO film are greater than those of the SrRuO 3 layer used as a template, indicating the successful formation of the BFO phase. In the inset, diffraction counts of the fabricated BFO film were plotted in log scale to enhance contrast and draw attention to the high quality of the film. Indeed, the doped BFO films are single-phase and exhibit a strong preferred (011)-orientation following that of the SrRuO 3 layer. A thicker film of about 400 nm was selected to make the absence of parasitic phases more evident, given that impurities in thinner films could not be detected by standard XRD. Similarly, as we found in ceramics [ Fig. 1(b) ], the stability of the BiFeO 3 thin films seems to be enhanced by the A-site strontium and B-site Figure 2 shows the 3D AFM images of doped BFO films at two different times of deposition, hence the film thicknesses. Dark to bright contrast color in the figures is related to the height scale; 0 for the darkest, 50 nm for the brightest. The film surface shows columnar-like grain morphology; as the film thickness increases from 100 to 400 nm, the columns grow in height, but apparently not in width, and they are well-defined and sharply tipped. Since the columns grow close to each other dense materials are obtained. Figure 3 shows the root mean square (rms) surface roughness and average grain sizes for an area of analysis of 6.25 lm . This growth behavior slightly affects the surface roughness of the films, and the grain sizes were fairly similar in a range of 60 to 70 nm for films of different thicknesses. The film formation seems to obey a general mechanism based on the adsorption of chemical species on the substrate surface, the diffusion and reaction onto highly reactive sites, the nucleation process, and the formation of nanoclusters with an oriented grain growth. Figure 4 shows the fitted narrow-scan spectra of Bi 4f, Fe 2p, O 1s, and Sr 3d peaks for a 200 nm BFO film. Herein, Table II 
where DEN is the difference of electronegativities, clearly show the higher ionic character of the Sr-O bond. This suggests that the bonding energy of the (Bi,Sr)-O bond in the oxygen octahedron may be larger than that of the single Bi-O bond. Indeed, the dependence of the cation charge (r) and its relative size (r i ) confirms that the nature of the Sr-O bond is more ionic than that of Bi-O. Calculations of the polarizing force (r/r i ) were done from ionic radii of eight-fold coordination (r Sr 2þ ¼ 1.26 Å , r Bi 3þ ¼ 1.17 Å ). As the polarizing force increases the covalent character increases. This behavior is clearly demonstrated in the O 1s signal because it is a well-defined single peak at about 531.0 eV and allows an accurate fitting process. The O 1s peak [ Fig. 4 Figure 5 (a) is a plot of the polarization-electric field (P-E) hysteresis loop for a 400 nm doped BFO film at room temperature. The P-E loop obtained is characteristic of a ferroelectric material with remanent polarization (2P r ) of 54 lC cm
À2
. This 2P r value is lower than those reported for Srdoped BiFeO 3 films ($ 86 lC cm À2 ) 14 and non-doped BiFeO 3 films (100-150 lC cm À2 ) 11, 18, 19 deposited on SrRuO 3 -buffered substrates. The lower value obtained for our films is consistent with the fact that square saturated hysteresis loops were not achieved despite the large fields applied for switching the polarization. Indeed, the field was increased up to values of 1 MV cm À1 at 1 KHz; that is, an integration time for the current of 1ms. Also, the hysteresis loop is not closed mainly due to the difference between the electrode work functions (Au $ 5.3 eV and SrRuO 3-d $ 4.6 eV) and the electron affinity of the ferroelectric compound. 10 From the P-E loop a contribution of leakage currents is not evident; the curve is concave and well-defined. Figure 5(b) shows the leakage data as a function of the applied electric field (J-E). The asymmetry of the J-E curves is probably due to the different mechanisms operating at negative and positive bias. To investigate the possible leakage-current-limiting mechanisms of the doped BFO films, experimental data were plotted in four different ways as a function of voltage. Indeed, we fitted the leakage current curve by interface-limited conduction mechanisms: Schottky-injection (SI) and Fowler-Nordheim (FN) tunneling, and the bulk-limited conduction mechanisms: Poole-Frenkel (PF) trap-limited and space-charge-limited current (SCLC). The FN and SCLC can be ruled out as the leakage-current-limiting mechanisms because no linearity could be obtained in both ln(J/E 2 ) versus 1/E and double log plot J versus E (not shown here), in either negative and positive bias, similar to a previous report. 25 In fact, at positive bias any of these four leakage mechanisms fail to fit, suggesting that there is no clear dominant mechanism. At an applied field above 100 kV/cm, semilog plots of ln(J) versus E 1/2 [ Fig. 6(a) ] and ln(J/E)vsE 1/2 [ Fig. 6(b) ] show that a straight line fits the data. Both the SI and PF mechanisms, respectively, are dominant at negative bias. The Schottky barrier (U B ) and relative permittivity (e r ) were estimated to be 0.72 and 0.85 eV, respectively. Here, U B is greater than that reported by Hartmann et al. 26 ($ 0.3 eV). This result and a previous fitting process exclude an ohmic behavior. However, the magnitude of e r seems to be too small, since a value of 6.25 was expected from the index of refraction for BFO (n ¼ 2.5). For the case of the PF mechanisms, e r was estimated to be 3.6, which is a closer value than that calculated from the SI equations. In this manner, the PF trap-limited conduction may be considered as the dominant leakage mechanism. Note that XPS analysis of the film surfaces had suggested the presence of oxygen relaxed phases probably attributed to oxygen vacancies and to the presence of mixed Fe 3þ /Fe 2þ ions, which is consequent with the previous leakage current analysis. From an intrinsic point of view, in the BiFeO 3 multiferroic, Fe ions are considered likely to be trap centers. 25 It is important to point out that leakage current densities of 10 À4 A/cm 2 are lower than those in other reports 27, 28 for the range of values of the applied electric field (<200 kV/cm). At low electric fields (<100 kV/cm), a larger 
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Ostos et al. J. Appl. Phys. 110, 024114 (2011) electron injection from the SrRuO 3 electrode (negative field) than from the Au top electrode (positive field) into the film may be expected. This situation is usually found in film growth methods such as the rf-sputtering technique, where the bottom electrode is heated at higher temperatures (700 C) with a low oxygen partial pressure ( 5 mTorr). These conditions could lead to the formation of an oxygen deficiency and the presence of mixed ion valences in the electrode-ferroelectric interface. Figure 7 shows the in-plane magnetization hysteresis (M-H) loops obtained at 5 K for the SrRuO 3 /Si substrate and two (011)-BFO/SrRuO 3 /Si film structures, denoted F1 and F2, with two different BFO film thicknesses of $100 and $200 nm, respectively. The film thickness of the SrRuO 3 layer plus that of the BFO film were considered to calculate the magnetization. It was observed that the SrRuO 3 perovskite layer exhibited ferromagnetism at cryogenic temperatures, which is in agreement with reports in the literature (T C $160 K). 29 As an interesting effect, in Fig. 7 , respectively, can be explained by a strong magnetic exchange interaction at the interface, which is probably associated with a thin zone of transitional composition around the nominal BFO/SrRuO 3 junction. However, to estimate the value of magnetization for the multiferroic BFO film as a function of thickness, in Fig. 7 we plot the M-H loop obtained by the subtraction of the M-H loops of the F1 and F2 samples (F2-F1 curve), as Yan et al. suggest in a recent report. 30 A very low DM m value of about 1 emu cm À3 ($5 Â 10 À4 l B /Fe) was obtained, suggesting that the interfacial interaction between the multiferroic film and the substrate layer is responsible for the enhanced FM response, since the magnetic contribution is slightly increased by a widening of the interface region when the doped BFO film thicknesses increase, but without changing the hysteresis features. Figure 8 shows the field cooling (FC) and zero-field cooling (ZFC) magnetizations of the doped BFO/SrRuO 3 /Si structures with different values of the BFO film thickness as a function of temperature measured at a magnetic field of 100 Oe. The splitting of the FC and ZFC magnetizations at low temperatures exhibited in all cases [ Figs. 8(a)-8(c) ] correspond to the typical characteristics of a spin-glass-like behavior. As reported by Singh et al., 31 this anomalous behavior of ZFC magnetization may be related to a typical blocking process of an assembly of superparamagnetic spins related to the presence of small particles, domains, or domain walls in the system. Moreover, it is observed that whereas the thickness of the BFO film increases, the spin freezing temperature (T f ) and the Curie temperature (T C ) shift toward lower temperatures. The experimental results suggest that changes in spin ordering at low temperature in the BFO/SrRuO 3 /Si film structure may be due to induced spin reorientation in BiFeO 3 films by the SrRuO 3 layer, and/or interface phenomena originated by diffusion processes within the BFO/SrRuO 3 interface zone as mentioned in the preceding text. In fact, the observed T C behavior is similar to that reported for the SrRu 1-x Mn x O 3 system, 32 where T C shifts toward lower temperatures as the value of x increases. Similarly, as the time of BFO deposition increases, for example, possible ion substitutions boosted by the high substrate temperatures employed during the sputtering process, may be leading to a SrRu 1-x Fe x O 3 type-interface with the consequent modification of the T C values. However, this hypothesis will be experimentally tested using the HRTEM technique. Moreover, to verify the existence and to understand the nature of the spin glass transition at low temperatures, a study of the frequency dependence of ac susceptibility for the film samples will be performed.
CONCLUSIONS
In this study, (011)-highly oriented Sr, Nb co-doped BiFeO 3 (BFO) thin films were fabricated on Si substrates by using an intermediate SrRuO 3 template layer via rf-magnetron sputtering. The BFO films showed a columnar-type growth without detectable extra phases. The Au/BFO/SrRuO 3 film capacitor exhibited good ferroelectric behavior at room temperature; however, the migration of oxygen vacancies and trap centers of the Fe ions seem to be responsible for leakage currents in doped films. The Poole-Frenkel effect in negative bias was found to be the dominant leakage mechanism followed by Schottky injection. Interface phenomena between the multiferroic film and the SrRuO 3 layer in the (011)-BFO/SrRuO 3 / Si film structure may explain the enhanced ferromagnetic response at 5 K and the possible spin glass behavior observed at spin freezing temperatures below 30 K.
